L ow-gradient aortic stenosis (AS) has been a vexing problem for cardiologists since its original description in 1980 by Carabello et al. 1 In that study, 3 of 4 patients with low-gradient AS died at surgery, and the other patient had persistent severe heart failure postoperatively. Subsequent studies showed that although operative mortality is high, most patients survive aortic valve replacement (AVR), and some have dramatic improvement in symptoms and left ventricular (LV) function. 2, 3 The challenge facing clinicians is how to accurately distinguish those patients who will benefit from AVR from those who will not. The American College of Cardiology/American Heart Association guidelines for valvular heart disease recommend hemodynamic evaluation of low-gradient AS with dobutamine echocardiography to distinguish patients with fixed anatomic AS from those with flow-dependent ("relative") AS in patients with LV dysfunction. 4 In the latter case, aortic valve area (AVA) is spuriously low because there is not enough forward flow to fully open the leaflets. [5] [6] [7] To understand how dobutamine infusion helps sort out the dilemma of low-gradient AS, it is useful to revisit the hemodynamic principles that govern the relationship between AVA, flow, and gradient.
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The Gorlin Formula
In 1951, Gorlin and Gorlin proposed the "hydraulic orifice equation" for calculation of valve area in valvular stenosis. 8 The Gorlin formula was based on the fundamental equation:
in which valve area (A) is equal to transvalvular flow (F), divided by transvalvular velocity (V). In AS, the Gorlin formula is used to calculate AVA as:
Because transvalvular flow occurs during systole in AS, the numerator (flow) becomes the cardiac output (CO) divided by heart rate times systolic ejection period (SEP), or stroke volume divided by SEP. The denominator (velocity) could not be measured in 1951 (Doppler echocardiography did not exist), so it was calculated from the pressure drop across the valve as the product of the discharge coefficient (C d ) times the square root of the mean pressure gradient (MPG). The discharge coefficient accounts for energy losses that occur when potential energy (pressure) is converted to kinetic energy (velocity) as flow accelerates across the stenosis. For AS, the Gorlin formula uses an empiric discharge coefficient of 44.5. Figure 1 illustrates the relationship between MPG and transvalvular flow according to the Gorlin formula for 3 fixed values for AVA, representing mild, moderate, and severe AS. Below a transvalvular flow of 175 mL/s, mean gradient is Ͻ20 mm Hg regardless of AVA. Thus, a low gradient does not exclude anatomically severe AS in the setting of low transvalvular flow (ie, severe LV dysfunction). Conversely, a low calculated AVA in such patients does not necessarily indicate anatomically severe AS. Some patients with low-gradient AS have a low calculated AVA because there is not enough forward flow to fully open the valve. In these patients, AVA is not fixed but is flow dependent.
Low-Gradient AS
Rationale for Dobutamine Challenge
The rationale for using a dobutamine challenge is also illustrated in Figure 1 . The open circle labeled "Bsl" (for "baseline") illustrates a patient with a low transvalvular flow of 150 mL/s, a mean gradient of 23 mm Hg, and AVA of 0.7 cm 2 . Two possible responses to dobutamine are shown. In one scenario ("dob 1"), transvalvular flow increases to 225 mL/s, mean gradient more than doubles to 52 mm Hg, and AVA remains 0.7 cm 2 . This hemodynamic response indicates fixed anatomic AS, and it is thought that such patients will generally benefit from AVR. In a second scenario ("dob 2"), transvalvular flow increases to 275 mL/s, mean gradient increases modestly to 38 mm Hg, and AVA increases to 1.0 cm 2 . Such patients have "relative" AS or "pseudo-AS," in which AVA is not anatomically fixed but simply does not open fully at a low-flow state. 9, 10 It is thought that such patients have severe LV dysfunction out of proportion to the degree of AS and are therefore less likely to benefit from AVR. A third scenario (not shown) is that dobutamine fails to elicit a significant increase in transvalvular flow, such that it is impossible to determine whether there is fixed AS or pseudo-AS. Such patients lack LV contractile reserve and have a poor prognosis (more on this later).
Although the 2 scenarios presented above are unambiguous, it may be difficult to interpret the response to dobutamine in individual patients, particularly if the increase in transvalvular
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From the Department of Internal Medicine, Division of Cardiology, flow is small. Furthermore, the exact criteria for interpreting the response to dobutamine are different among published studies. 7, [11] [12] [13] [14] In this issue of Circulation, Blais et al 15 suggest a new parameter for classifying the hemodynamic response to dobutamine based on the projected AVA at a common transvalvular flow of 250 mL/s. This concept is theoretically attractive because it offers a rational solution to the common problem of achieving different transvalvular flows with dobutamine in different patients. Unfortunately, there are a number of issues that limit the practical applicability of these data. The first of these involves the accuracy of projecting AVA at a flow rate that may not be actually achieved by dobutamine infusion. Figure 2 plots AVA against transvalvular flow according to the Gorlin formula. The vertical dotted line represents a transvalvular flow rate for 250 mL/s. As can be seen, AVA increases linearly with transvalvular flow, provided mean gradient is constant. This is a problem because both AVA and gradient often change with increasing transvalvular flow. 7, [11] [12] [13] [14] Because the authors have used a linear formula to project AVA at a transvalvular flow of 250 mL/s, their formula inherently assumes a constant mean gradient. This formula appeared to work well in their small patient population, wherein mean gradient increased by a mean value of only 9 mm Hg in patients with pseudo-AS and 14 mm Hg in those with fixed AS. In patients with larger changes in mean gradient, it may not be possible to accurately project AVA at 250 mL/s using the linear formula proposed. Nonetheless, a large change in mean gradient is consistent with fixed AS and generally answers the clinical question satisfactorily.
Although the authors' proposal to normalize AVA for a normal flow rate is a good one, they have not demonstrated that it is more accurate then current, simpler methods. There are 2 reasons for this. First, the sample size was extremely small. There were only 23 patients who underwent surgical confirmation of aortic valve pathology. Of these, 8 were classified as pseudo-AS and 15 as fixed AS. Thus, a sensitivity difference ranging from 67% to 100% for detecting fixed AS was based on only 5 patients (10/15 versus 15/15). This is useful for hypothesis generation but does not prove superiority of the proposed method. Moreover, the comparison of 10 different echocardiographic covariates (see Figure 6 15 ) in 23 patients is not statistically meaningful owing to the play of chance. Second, the classification of pseudo-AS versus fixed AS was based on highly subjective, nonvalidated inspection of the valves at the time of operation and afterward by a pathologist. The authors incorrectly state that "there is no alternative reference method available to determine the 'actual' stenosis severity in vivo." In fact, aortic valve calcium can be quantified in vivo by electronbeam or multidetector CT scans. 16 It is unfortunate that the valves were not weighed ex vivo, because valve weight is objective and reproducible and has been shown to correlate well with catheter-derived hemodynamic data. 17 In addition, quantitative determination of calcium content in the pathological specimens could have been performed by radiographic and/or biochemical methods. 18, 19 Such objective validation of the surgical pathology would have greatly improved the quality of the study.
Another caveat to the present study is the nature of the patient population. Of 46 patients enrolled, only 23 underwent surgery. The determining factors for surgical versus medical treatment are not presented; however, it is noted that 18 of the 23 operated patients also underwent coronary artery bypass surgery. It is not clear whether coronary artery disease was the primary indication for operation, and AVR was also performed, or whether AVR was the primary reason for the operation. If the former is true, it In one scenario (dob 1), flow increases to 225 mL/s, mean gradient increases to 52 mm Hg, and AVA remains 0.7 cm 2 , consistent with fixed AS. In a second scenario, flow increases to 275 mL/s, mean gradient increases to 38 mm Hg, and AVA increases to 1.0 cm 2 . This patient has changed to a different curve, consistent with relative or pseudo-AS. HR indicates heart rate; SEP, systolic ejection period. 
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Low-Gradient Aortic Stenosis might help explain the higher prevalence of pseudo-AS than in other studies of low-gradient AS. Finally, it is very surprising that only 3% of the valves were classified as bicuspid. A renowned cardiac pathologist recently examined 932 aortic valves surgically explanted for AS and showed that 54% were either bicuspid or congenitally unicuspid aortic valves. 20 One must wonder whether the markedly low prevalence of bicuspid valves in the present study is a result of a nonrepresentative patient population or inaccurate classification at surgical or pathological examination. In my opinion, there are 3 major echocardiographic variables to assess in patients with low-gradient AS. The first, although intuitively obvious, is often overlooked: valve anatomy. A markedly thickened, calcified valve is likely to be fixed AS; whereas minimally thickened or even normal-appearing leaflets are likely to represent pseudo-AS. The second is the hemodynamic response to dobutamine. According to the Gorlin formula, both AVA and mean gradient may be low in the setting of low transvalvular flow rate. Therefore, it seems prudent to consider both of these variables during dobutamine challenge. As can be seen from an examination of Figures 1 and 2 , there is a wider relative difference in mean gradient than in AVA at a transvalvular flow rate of 250 mL/s or higher. Perhaps a larger study in a more representative patient population would have found this to be true. Nevertheless, Blais et al 15 have offered the attractive hypothesis that normalizing AVA for transvalvular flow may avoid some of the difficulties of interpreting dobutamine echocardiography in low-gradient AS. This hypothesis remains to be tested in a large group of patients with adequate characterization of aortic pathology or, better yet, with outcomes.
The third and perhaps most important variable is LV contractile reserve. In a relatively large, prospective multicenter study of 136 patients with low-gradient AS, Monin et al 14 have shown that operative mortality was 5% and 32% (Pϭ0.0002) for patients with or without LV contractile reserve, respectively. Predictors of long-term survival were AVR and LV contractile reserve. If these data are correct, the decision to operate in low-gradient AS should be based on sufficient LV myocardial viability to increase transvalvular flow with dobutamine, rather than precise distinction between fixed and pseudo-AS. Clearly, more investigation is needed before we can confidently manage the difficult problem of low-gradient AS. Hopefully, such investigation will focus on operative and long-term outcomes in large, prospective, and representative populations.
